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Abstract 
Open cell aluminum foams have been recently studied for its use in heat exchangers, heat sink and electronics cooling. In this 
paper, a conceptual design of a heat energy exchange recovering system for residual heat at low temperatures is studies for its 
potential industrial application. Experimental samples were produced by infiltration process using vacuum pressure. Samples 
with different pore sizes of 0.5, 1.0 and 2.0 mm were obtained. The samples dimensions were 50 mm x 50 mm x 5 mm and the 
material was characterized by structure analysis and fluid flow (pressure drop) and heat transfer measurements under transitory 
and steady state conditions. The experimentation carried on in regards of the fluid flow and heat transfer properties, shown that 
these two properties are extremely dependent on the pore size of the aluminum foam. In this preliminary study, the thermo-
physical characteristics of the aluminum foams useful for energy exchange system in recuperating of residual heat (heat transfer 
efficiency, transfer time, amount of heat transferred and pressure drop generated), had been presented and used to create a 
conceptual design. From the tested parameters, the best foam structure and some process parameters have been established for a 
conceptual design a heat exchanger for a heat recovery system. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
In the study of heat transfer into pores structures, a new classification of the methods developed is established, 
separating those where there are close pores predominantly, as “Thin-Walled”, and the others where there are just 
close pores, as “Thick-Walled” as in Fiedler et al. (2010).  
There are several advantages for the use of Cellular Metals (CM) in the developing of heat recovery systems: they 
are lighter than base material, in general have good energy absorption characteristics, good isolation behavior, fluids 
permeability and remarkable heat transfer properties. Several works are reported in the literature related with the 
characterization of the material used in the developing of effective heat recovery devices.  
A first experimental approximation was presented by Noh et al. (2006) who evaluated force convection in 
aluminum tubes fill by metallic sponges. Dukhan et al. (2007), also measured the heat transfer through a rectangular 
block made up from aluminum foams. However, the more significant result related with convection heat transfer 
properties is the work reported by Lu et al. (2006). In that work is presented an experimental set up with a numerical 
model of natural convection, concluding that convection in CM is actually important because of their high porosity 
and numerous interconnections. 
However, there is not a direct application of these materials in heat recovery systems, devices designed that can 
be used to recover energy of residual heat in particular industrial processes, such as combustion, air condition or 
melting systems at low and high temperatures. Muralikrisna (1999) divided heat regenerators into two groups: those 
with fixed bed and others with rotary regenerators. The former are characterized by their honeycomb ceramic 
structure, allowing the flow of the residual fluids, thus recovering thermal energy, and preheating the new inners 
fluid streams before entering into the process. It is a good reason to consider that cellular metals would be able to 
work properly as heat recovery devices. 
 
Nomenclature 
Tfo water out temperature 
Tfi  water in temperature  
Ts  sponge temperature 
ρf density of water 
An  transversal section of flow 
ε  sponge porosity 
Cf  specific heat of water 
Qs  water flow 
Cs  specific heat of aluminum 
 
2. Experimental 
2.1. Sample preparation 
The manufacture method employed is well known as an infiltration process, where using vacuum pressure NaCl 
is infiltrated in a preform with melted aluminum (AlSiMg aluminum alloy) as shown by Fernández et al. (2010). 
The material is machined obtaining the samples requirements; in this case prismatic squares with dimensions of 50 x 
50 x 5 mm. The resulting samples exhibited different values of the porosity, 41%, 47% and 50% for 0.5, 1.0 and 2.0 
mm pore sizes, respectively. 
2.2. Experimental setup 
The experimental equipment is divided in four systems: flow feeding, flow conduction, measurement system and 
sample holder device. The fluid pressure drop is measure by a differential pressure transducer connected to inlet and 
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outlet of the sample holder conducts. In the same way, the temperature was evaluated measuring three specific 
points (inner fluid, sample surface, out fluid). All the measures were acquired by a Data Acquisition System and 
processed with LabView. 
The sample holder was designed to guarantee the constant heat flow through the sample with the possibility of 
introduce heat into the sponge. It is built with a particular silicon material to minimize the heat losses and fluid 
leaks. 
2.3. Pressure drop test 
Nine samples were used with three different pore diameters (0.5, 1.0, 2.0 mm), meaning three of each size. In 
order to establish correctly the measurement results, three measures per sample were done reaching a total of 27 
measures, each using nine different flows from 300 ml/h to 3000 ml/h. An electrical current signal is received 
corresponding to the differential pressure drop value, affected by the flow path through the sponge. The electrical 
current value starts at 4 mA which indicate that the pressure drop is 0 psi. 
2.4. Heat transfer: stationary state 
The temperature of the sample was controlled by using a voltage control source to heat it up, according to voltage 
percent defined. In this process, water passes through the hot sponge until the system is set in a stationary state. At 
this point, the software takes measurements of temperature of the surface sample and the inner and outlet fluid 
streams. 
Additionally, the voltage and the current of the power source are recorded to determine the power supply. The 
process is repeated varying the voltage percentage. Finally, another temperature value is taken in the surface of the 
holder samples, in order to determine the approximate heat losses by natural convection with the environment. From 
these experiments, the heat transfer coefficient was calculated by measuring: voltage, electrical current, inner water 
temperature, outer water temperature and surface sample temperature, and employing common heat exchanger 
calculation models such as logarithmic temperature difference. 
2.5. Heat transfer: transient state 
In this case, the sample is heated until a specific temperature and the voltage intake is stopped. At this moment 
the fluid start passing through the sponge to be preheated by the sponge. The water temperature is measured as a 
function of time and evaluated in order to determine its cooling profile and variation. In the same way, the 
temperature profile of the sample is measured obtaining the time required to cool it completely. Each sample was 
heated until 60°C and 90°C; point at which the cooling process begins. The total heat transferred from the sponge to 
the water was calculated by the time integration of the water outlet temperature evolution considering a constant 
heat capacity. 
2.6. Heat transfer efficacy and characteristic time of transfer 
In order to evaluate the performance of the proposed system, two more parameters were calculated. The first is 
the efficacy, value that relates the amount of heat from the sponge that is actually transferred to the water. The 
second parameter was the characteristic time, which is a measurement of how fast is the heat transferred. The 
efficacy and characteristic time of transfer are calculated as follows: 
 
                       (1) 
 
                       (2) 
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Fig. 1. ΔP for different flows and %porosity 
3. Results and discussion 
3.1. Pressure drop experimental results 
Figure 1 shows that the porosity plays a far more significant role in the results above the pore size. Their value 
indicate how much solid material is presented in the sample, resulting for instance in a higher pressure gradient for 
the 1 mm pore diameter size (41%) above those of 0.5 mm (47%), as is shown in figure 1. 
3.2. Heat transfer experimental results: stationary state 
Figure 2 presents results for the convective heat transfer coefficient, h. In figure 2(a), 2(b) and 2(c), results show 
coherence with theory, where coefficient h increments directly proportional to the flow. Although, there is not a 
considerable difference between the pore sizes, probably caused by the similar porosity which leads to a similar 
average velocity inside the sample. However, it is important to point out that given the experimental conditions, 
some temperature gradient is expected on the planes perpendicular to the direction of flow, not corresponding to 
what is assumed from the logarithmic temperature difference approximation. 
3.3. Heat transfer experimental results: transient state 
According with figure 3(a), 3(b) and 3(c), two effects are evident from the results in that plot. The samples with 
the greater porosity (1 mm pore size) exhibit the lowest capacity to retain and then return heat to the water flow as 
can be expected from the corresponding reduction in total mass. However, the fluid behavior does have an effect on 
the total time required to return the stored heat, which can be extracted from the greater slope shown by the 2 mm 
sample with lower flows. 
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Fig. 2. h value as a function of %voltage and pore size 
 
  
Fig. 3. Total heat transferred with different flows 
3.4. Conceptual design of a recovery heat system using aluminum foams 
Heat recoveries or regenerators are devices designed to recover thermal energy from residual heat waste of some 
industrial process. Is important to consider some characteristics of heat regenerators, like efficacy and characteristic 
time of transfer, additionally to evaluate the best sample for being used in the conceptual design were evaluated, the 
amount of heat transferred and the drop pressure. 
Evaluating the heat transfer efficiency the sample with 47% of porosity and diameter size of 0.5mm shown the 
most efficient sample when the water flow is 1500 ml/h, like the results reported in Table I and Table II support this 
conclusion. 
Table 1. Heat transfer efficacy (%). 
Q (ml/h) 
0.5 mm – ε = 47% 1.0 mm – ε = 41% 2.0 mm – ε = 50% 
60°C 90°C 60°C 90°C 60°C 90°C 
 Tmax η Tmax η Tmax η Tmax η Tmax η Tmax η 
300 37.1845 38 47.9462 37 37.7513 40 48.6749 38 36.4885 36 51.23 42 
600 36.9143 38 47.3084 36 38.3176 41 48.961 39 39.142 44 50.7159 41 
900 37.6721 40 45.3552 33 37.0425 38 46.5114 35 36.4645 36 49.3277 39 
1500 40.6621 48 46.4931 35 33.8819 29 37.9415 22 36.9366 38 45.765 34 
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Table 2. Characteristic time of transfer among water and sponge 
Q (ml/h) 0.5 mm – ε = 47% 1.0 mm – ε = 41% 2.0 mm – ε = 50% 
300 46.13 51.35 43.52 
600 23.07 25.68 21.76 
900 15.38 17.12 14.51 
1500 9.23 10.27 8.7 
 
4. Conclusion 
From the results it was possible to observe that the main parameter that affects pressure drop in cellular metals is 
not the pore size but without doubt porosity factor. In this case, samples of 1mm of pore diameter presented higher 
pressure drop than those of 0.5 mm because their porosity were the less, despite of having bigger pores they had 
more solid spaces. The thermal transfer between sponge and water depends mainly on the difference between their 
temperatures and the rate of flow used. 
Finally this paper presented that the best option of samples to being used in a heat regenerator device is 0.5 mm 
pore diameter and 47% porosity sponge.  
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